The present study was investigated to find the efficiency of a hybrid process of an ecofriendly dehydrated Moringa oleifera biosorbent beads (DMB) and ultrafiltration (UF) membrane to remove organic pollutants from actual textile effluents. Experiments were conducted with a packed bed column (PBC) for the removal of dyes using various parameters such as flow rate, material mass and size of the biosorbent. The optimized biosorption process was then combined with a dead-end UF process for the removal of chemical oxygen demand/biochemical oxygen demand (COD/BOD) and turbidity. Three strategies were adopted by varying the sequences of UF and PBC. PBC followed by the UF process appears to be more effective for the removal of color (>99%), COD (90-93%) and turbidity (>95%), when compared to UF followed by the PBC process and the UF membrane alone.
INTRODUCTION
Textile industries, the backbone of the export market in India, are a water intensive industry concentrated in small clusters in different areas. Being a labor intensive process, the population also lives near the industrial conglomeration.
The spent streams, with a variety of pollutants, including dyes, contaminate the nearby water sources. Most of the industries are small scale in nature, and cannot afford to treat the effluents individually. Being a critical industry for export earning, the government of India has implemented common effluent treatment plants (CETP), whereby all the local industries send the effluent to a common platform and the problem is addressed through the establishment of CETP. However, to ensure both safety and acceptability to the local community, there is a need to develop simple systems that are easy to operate and where the spent material does not burden the environment.
Various technologies have been studied and demonstrated
for the treatment of textile wastewater, such as biological treatment, advanced oxidation methods, membrane filtration and adsorption. However, adsorption and nanofiltration techniques appear to be an effective method for the removal of dyes and pigments from industrial effluents. An extensive variety of adsorbents, such as activated carbon (Goel et al. ) , pith carbon (Namasivayam & Kavitha ) , bagasse fly ash (Gupta et al. ) , rice husk (Chowdhry et al. ) , soy bean hull (Marshall et al. ) , activated clay (Hsu et al. ) , sepiolite (Tabak et al. ) as well as chitosan beads (Chiou et al. ) , have been studied for the removal of dyes. Most of these adsorbents had limited success owing to their ability to remove color and not all the other organic contaminants. Therefore it is necessary to investigate both adsorption and membrane techniques, separately or in combination. Further, toward a sustainable solution for purifying the contaminated source, it is desirable to identify natural materials that are biodegradable, inexpensive and easily available.
Currently, natural sorbents are economically and environmentally more acceptable for wastewater treatment. Among these is Moringa oleifera (MO) seed, a biosorbent, which contains cellulose, lignin and crude fiber, and its matrix network, which contains both carboxylic and amino functional groups.
These functional groups may be dissociated and consequently play a part in the biosorption process (Araujo et al. ; Vieira et al. ) . Earlier studies have confirmed that MO has polypeptides of a molecular weight ranging from 6 to 16 kDa, and its isoelectric pH value of 10 shows high zeta potential, cationic and anionic properties, which can be used for dye decolorization in industrial effluent treatments (Agrawal et al. ; Kwaambwa & Rennie ) . Considering the above properties, MO can act as a good biosorbent when it is encapsulated and these results were recently published by our research group (Radhakrishnan et al. ) .
Normally, nanofiltration is a preferred technique for the treatment effluents because of the pollutants' higher sizes.
However, this technique does not lead to absolute separation as a fraction of feed solution commonly designated as a reject stream, which is rich in contaminant species, has to be discarded into the environment. Ultrafiltration (UF) may not be as efficient as nanofiltration, but its low pressure operation, high recovery of the feed, 100% backwash facility, and its ability to remove most of the organic and bio-species make it a candidate to compliment adsorption techniques to achieve the objectives.
In this study, MO in bead form was used as a biosorbent for the removal of color from the textile effluent using a packed bed column (PBC), and to investigate the efficiency using a hybrid technique with a UF membrane for the purification of effluents such as chemical oxygen demand (COD), biochemical oxygen demand (BOD) and turbidity.
Further, using an UF process is more advantageous for the removal of total suspended solids (TSS) and heavy metals.
To address the real time effluent, it is necessary to use a PBC system combined with an UF unit.
EXPERIMENTAL Biosorbent DMB preparation and characterization
Dried MO seeds were purchased from Genius seeds, Coimbatore, India. The seeds were de-shelled and the fresh white kernels were washed with de-ionized water and air dried.
Then, a pulverization process was carried out to convert it into a fine powder, which was encapsulated by mixing with sodium alginate in the ratio 1:5 and then cross-linked by a phase inversion technique using 3% calcium chloride solution. This was done by extruding the alginate suspension drop by drop into pre-chilled CaCl 2 using a peristaltic pump, which converted them into M. oleifera beads instantaneously (Dominguez et al. ) . The flow rate of the pump was adjusted to produce 250 spherical beads per hour. After encapsulation, the beads in the salt solution were allowed to dry at room temperature and harden. Eventually, the DMB were washed with 99% ethanol for sterilization and then used for the treatment process. The physical appearances and properties of the DMB have been characterized, such as porosity, bulk density and stability using standard procedure, as shown in Table 1 .
Adsorbate-textile effluent source and characterization
The textile effluent sample was collected from the clarifier unit in an effluent treatment plant at Erode, Tamil Nadu Table 2 .
Biosorption in PBC studies
The schematic diagram of the PBC is shown in Figure 1 . Further, the effluent was characterized immediately after collection in terms of pH, BOD, COD and turbidity. All the biosorption experiments were carried out at room temp-
Parametric studies were carried out using different BHs 
Trace amount 2
TDS: total dissolved solids; TOC: total organic carbon; BDL: below detection limit. . The capacity of the bed at the breakthrough point is calculated from Equation (1), which is given as:
where q b is the bed capacity at the breakthrough point
m is the biosorbent mass, C t is the exit dye concentration (mg L -1 ), and V b is the volume processed at the breakthrough point. Further, the numbers of bed volumes (BV) were established before the breakthrough point was reached, to find the performance of the packed bed adsorber, which is directly related to the BV. Subsequently, the bed exhaustion rate (BER) and the empty bed resistance time (EBRT) were investigated to check the rate of exhaustion of beds. The BV is expressed as Equation (2):
The BER and EBRT are expressed in Equations (3) and (4):
BER ¼ Mass of beds in packed bed column Volume of effluent treated at breakthrough point(L)
EBRT ¼ Fixed bed volume Volumetric flow rate of the effluent (4) The design of the column depends on the effect of operational parameters such as the inlet feed flow rate and various BHs for the biosorption performance.
UF set-up
After the column studies, the textile effluent was treated by a dead-end UF process at constant pressure as shown in membrane was washed with distilled water for 15 min to remove the dye particles from the surface of the membrane.
Further, it was cleaned chemically by soaking it in 0.5% HNO 3 (v/v) for 2 h and the system was recycled by deionized water at higher flow rate for several times. For the quantitative analysis of fouling, the percentage reduction in permeate flux (J ) was calculated according to Equation (5):
where J i and J f are the initial and final permeation flux measured at the steady state condition for 1 h (Keerthi et al.
).

Sophisticated analysis
The Fourier transform infra-red (FTIR) was performed in order to give qualitative and preliminary analysis of the functional groups that might be involved in dye uptake. For FTIR analysis, the effluent was dried and mixed with 1:10 ratio of KBr pellet form and it was determined by FTIR reflection measurements using an ALPHA FT-IR spectrometer. The surface morphology of DMB was identified by a scanning electron microscope (SEM) and the images were recorded using an Agilent Technology scanning probe microscope.
The amount of dye decolorization was analyzed by UVSpectrophotometer using the ELICO-SL210.
Statistical and error analysis
Column experiments were conducted in triplicate (n ¼ The average percentage deviation (ε%) was calculated according to Equation (6), and showed fit between the experimental and theoretical values of C o /C i used for plotting the breakthrough curves.
RESULTS AND DISCUSSION
Characterization of textile effluent and DMB
The FTIR spectra of real textile effluent (RE), after column (AC) and after ultrafiltration (AF) studies are represented in Figure 3 . From Figure 3 (a), the peak which is dominated by a broad and stretch absorption at 3,465-3,300 cm -1 , is assigned to the O-H stretching mode of the large prevailing intra molecular H-bonded groups. In addition, the 3,755-3,700 cm -1 region was mostly attributed to free OHgroups. However, in Figure 3 (b) there is no intra molecular H-bond stretch band, which might be due to adsorption. In real effluent spectra, the peak observed at 1,464 cm -1 can be assigned to C-C groups of aromatics. However, in the case of biosorption and UF spectra it was greatly reduced, which emphasizes that the aromatic ring in real effluent would likely participate in dye biosorption. In adsorption spectra, the peaks observed at 1,627 cm -1 may be attributed to the N-H (amine) groups of the MO beads, whereas it was found, but greatly reduced, in AF spectra. Further, the SEM micrographs of DMB before and after adsorption are shown
in Figure 4 . This shows the presence of asymmetric pores 
Continuous-PBC studies
Influence of material mass
The influence of material mass (MM) on the biosorption of dyes from the textile effluent was investigated, corresponding to three different BHs viz. 12.25 g (5 cm), 24.50 g (10 cm) and 36.75 g (15 cm) at a constant flow rate (2 mL min 
Influence of flow rate
The influence of feed flow rate on the biosorption of dyes on the DMB by varying the flow rate (1-5 mL min , respectively. In the case of a higher flow rate, the MTZ moves from the bottom to the top of the column; as a result, the column gets saturated early. At a higher flow rate, the breakthrough curve is steeper due to the low biosorption 
Influence of particle size
The influence of different particle sizes was investigated for the biosorbent used during the PBC studies, which had an important effect on column performance. The influence of particle size on dye uptake was studied with the particles in the size ranges 1.5-1.75 and 2.0-2.25 mm. Figure 7 indicates that decreasing the size of the biosorbent leads to an increase in breakthrough time. The smaller particle size ranges provide more efficient breakthrough curves than larger particle size ranges. Moreover, the total external surface area per unit volume for smaller particles will be larger and provides more sorption sites, which leads to greater biosorption (Malkoc et al. ) . From Figure 7 , the breakthrough (t b ) and exhaustion time (t e ) was attained at 50 min and 480 min at 1 mL min -1 (smaller particles), respectively, but at t b ¼ 30 and t e ¼ 430 min (larger particles), respectively.
Modeling of breakthrough curves
PBC data obtained were further analyzed for their breakthrough behaviors using three different mathematical equation models such as the Thomas, Yoon-Nelson, and Adams-Bohart models. The biosorption performance was assessed at an initial concentration ratio, C t /C o >0.05, consequently, 5% breakthrough until C t /C o >0.95, i.e. 95% breakthrough for dye decolorization by considering water quality and the operating limits of the MTZ of the packed column (Malkoc et al. ) .
Applications of the Thomas model
The experimental data were fitted to the Thomas model to determine the maximum dye biosorption capacity of the column (q o ), and the Thomas rate constant (k Th ), which is shown in Table 3 . Further, this model is based on the assumption that the process follows Langmuir isotherms of equilibrium with no axial dispersion, and the rate driving force which obeys second order reversible reaction kinetics (Bhaumik et al. ) . The linearized form of the Thomas model Equation (7) can be expressed as follows:
where k Th (mL mg and the k Th value were calculated from the experimental data, which are shown in Table 3 . The regression coefficients (R 2 ) were in between 0.8 and 0.9, and it was observed that the values of average percentage deviation were nominal (i.e. ε% ¼ 2. 35-5.35) , concluding that the experimental data fitted well with the Thomas model.
From Table 3 , in general it was observed that by increasing the flow rate, the maximum biosorption capacity (q o )
decreased but the values of the rate constant (k Th ) increased. Further, by extending the BH, the values of q o are decreased and the k Th value increased significantly. In addition, from Table 3 , it was found that at 10 cm of BH with 1 mL min -1 flow rate gives maximum adsorption values (q o , 1,543 mg g -1 ). (8):
Application of the Yoon-Nelson model
where k YN (min -1 ) is the Yoon-Nelson rate constant and τ (min) is the time required for 50% adsorbate breakthrough.
The values of k YN and τ were estimated from the slope and intercepts of the linear graph between ln [(C t )/(C o -C t )]
versus time t at different flow rates, BHs, different particle sizes and the values of k YN and τ are illustrated in Table 3 .
From Table 3 , values of k YN were found to increase with a higher flow rate with lower BH, whereas they decreased with a lower flow rate and higher BH. Nevertheless, τ (the time required for 50% breakthrough) was higher at a lower flow rate and higher BH. In addition, from . The values of the regression coefficients (R 2 ) are listed in Table 3 , and it was found that most of the values of R 2 were between the range of 0.8-0.9. Furthermore, there was a good concurrence between predicted and experimental data which provide the best fit to the Yoon-Nelson model.
Application of the Adams-Bohart model
The Adams-Bohart model was established based on the surface reaction theory, which assumes that the equilibrium is not instantaneous. Therefore, the rate of biosorption was proportional to the fraction of the biosorption capacity and the concentration of the adsorbing species. According to this model, Equation (9) predicts the performance of the biosorption of a packed column:
where C values were calculated from the slope and intercept of the curves, which is illustrated in Table 3 .
From Table 3 , it was observed that MTC increased with an increase in BH and flow rate, which shows that the system was dominated by the external mass transfer (Ahmad & Hameed ; Inthorn et al. ) . The values of the regression coefficients (R 2 ) are listed in Table 3 , and it was found that the values of R 2 were not in range and do not fit to the Adams-Bohart model.
UF-permeate characteristics and flux
In this study, the textile effluent was passed through the UF membrane directly under a constant transmembrane pressure of 1.5 bar and the permeate flux was investigated with filtration time. Further, permeate characteristics such as color, COD/BOD and turbidity were analyzed and the removal of color and COD/BOD were 70% and 65%, respectively, as shown in Table 4 . Similarly, turbidity is significantly reduced, but the values are not much lower than the permissible limit as specified by the CPCB (Central Pol- 
Hybrid process of PCB and UF membrane
The PBC combined with UF, as well as vice-versa, was experimentally studied as follows. The results of the treated samples are listed in Table 4 .
Process I: UF followed by PBC
In this experimental phase, the UF received textile effluent directly without any pre-treatment. In addition, the permeate effluent was passed through the PBC (BH-15 cm) at a flow rate of 1 mL min -1 and the column outlet parameters were measured. In this UF-biosorption study, due to the higher concentrations of the effluent, the membrane was observed with intensive coloration due to the strong biosorption on the surface and pores of the membrane, as shown in Figure 9 (a). In addition, the permeability flux profile of UF also greatly reduced which requires adequate cleaning. Further, in the case of column studies, it exhibits faster kinetics and takes a longer breakthrough curve. Nevertheless, some dye molecules of the effluent have permeated through the membrane and may require another stage treatment. It should be noted that the UF followed by biosorption treatment was not effective and can be ruled out. The process may have to be supported with one more stage of the treatment.
Process II: PBC followed by UF
In the experimental study, effluent was first passed through PCB under different conditions followed by UF units. The samples were collected and analyzed as shown in Table 4 .
The results were confirmed by active decolorization and layers of the membrane being observed visually clear, as shown in Figure 9(b) . Also, the membrane unit was found to be capable of several subsequent cycles without any sharp decline in the degree of the permeate flux and maintained the capacity of the effluent treatment effectively constant. From this, the sequential running of the biosorption-UF was found to substantially decrease the maintenance cost. Finally, biosorption followed by UF gave promising results, such as removal of color, COD/ BOD, turbidity and the values were much lower than the permissible limit as CPCB.
CONCLUSIONS
The integration process of biosorption and UF was an effective method for the treatment of textile effluents.
Biosorption was optimized with the influence of MM, flow rate and size of the biosorbent. By varying the sequences of UF and biosorption process, biosorption followed by UF could be effective for the removal of color (>99%), COD (90-93%) and turbidity (>95%). In the case of the flux phenomenon, the reduction percentage of the permeate flux was found to be 32.5%. Hence, we conclude that the hybrid process could be efficient and considered for the treatment of textile effluents on a pilot scale level.
